Summary The nucleolus of rapidly growing tobacco BY-2 cells displayed several distinctive features at the electron microscopic level such as remarkable development of the dense fibrillar component and vigorous dispersion of the granular component from the nucleolar surface toward the cytoplasm. The fibrillar centers (FCs) where resting ribosomal RNA genes (rDNA) reside were found as low electron-dense patches. These FCs were detected as dots at the light microscopic level by fluorescence in situ hybridization (FISH). We examined the relationship between appearances of the FCs and the development of the nucleolus. There was a positive correlation between the multiplication of the FCs and the nucleolar size: The nucleolus became large as the number of the FCs increased while the nucleolus degenerated concurrently with a numerical reduction and an enlargement of the FCs, probably due to fusion among them. These results are discussed in favor of the concept that the multiplication of the FCs produces many sites for actively transcribing rDNA.
Many electron microscopic observations have visualized low electron-dense patches in the nucleolus (reviewed in Lepoint 1979, Fakan and Hernandez-Verdun 1986 , Risueno and Testillano 1994) . They are called fibrillar centers and known to contain DNA (Thiry et al. 1988 , Sato and Myoraku 1994 , Yano and Sato 1995 , Mineur et al. 1998 . Electron microscopic in situ hybridization has shown that the DNA in the FCs are ribosomal RNA genes (rDNA) (Thiry and ThiryBlaise 1989 , Jimenez-Garcia et al. 1993 , Bassy et al. 2000 . Immunogold labeling has indicated that both RNA polymerase I and DNA topoisomerase I also coexist in the FCs Benavente 1990, Thiry et al. 1991) . Hence, it is widely accepted that the FCs contain rDNA in an intermediate state where they are not repressed as in fully condensed chromatin nor active (Jordan et al. 1980) . According to previous observations at the electron microscopic level, the nucleolus becomes inactive with an enlargement of the FCs while many small FCs are seen when the nucleolus develops (Jordan and McGovern 1981 , Medina et al. 1983a , b, Yano and Sato 1999 Sato and Yano (1994 2 mg/ml 1,4-diazabicyclo[2,2,2]octane (Sigma) and 50% glycerol in 1/15 M phosphate buffer (pH 7.0) and examined under a Nikon epifluorescence microscope. Photographs were taken on FUJI-COLOR SUPER 400 color films.
Results
Appearance of the nucleolus at the light and electron microscopic levels General appearances of the nucleoli of the rapidly growing cells are shown in Fig. 2 . Some nuclei had three to four nucleoli and mostly appeared to be paired, suggesting that they are in G1 stage right after mitosis. Hence, the number of the nucleolar organizer regions of the present cells is probably 3 to 4 per cell. Only a single nucleolus was seen in a nucleus for the majority of cells. The nucleolus was usually very large and occupied most part of the nucleus. It is probable that several nucleoli in a nucleus become large after the G1 stage and thus, fuse with each other to become a single large nucleolus.
Electron microscopic surveys displayed some characteristic ultrastructures of the nucleolus. The FCs were found as uniformly dispersed patches of low electron-dense without any dense chromatin (Fig. 3) . The granular component (GC) developed ill and formed a very thin layer at the periphery of the nucleolus. Therefore, major part of the nucleolus was the dense fibrillar component (DFC). Another conspicuous characteristic was that the GC was vigorously dispersing into the nucleoplasm forming many discrete streams toward the cytoplasm. this and consequently, the nucleolus become large to produce many ribosomes. This is supported by the fact that the DFC, which is known to be the sites where both the rDNA transcription and processing of nascent pre-rRNA take place, strikingly developed in rapidly-growing tobacco BY-2 cells. Vigorous diffusion of the GC from the nucleolar surface toward the cytoplasm also supports the concept above.
A general agreement has been recently attained on the site where the rDNA transcription takes place. Immunogold labeling using anti BrdU antibodies after the incorporation of BrUTP in root-tip meristems of A. cepa showed that the rDNA transcription occurs on the surface of the FCs and the remaining outside of the DFC is probably the site for processing of nascent pre-rRNA (Yano and Sato 2000) . The FCs are tandemly arranged along the nucleolonema (Sato and Yano 1994) . The rDNA has been reported to transcribe in the connecting areas between these FCs (De Career and Medina 1999) . It is suggested that the rDNA transcription does not take place within the FCs because they essentially lack RNA molecules (Yano and Sato 1995, 2000) . However, they include components required for the rDNA transcription such as rDNA (Bassy et al. 2000) , RNA polymerase I and DNA topoisomerase I (Scheer and Benavente 1990) . In view of these findings, the multiplication of the FCs inevitably produces many connecting areas between the FCs and increases the total surface area of the FCs, thus leading to an increase of actively transcribing rDNA and consequently, the development of the nucleolus (Fig. 6) . If the FCs fuse with each other, both the connecting area between the FCs and the total surface area of the FCs decrease and accordingly, the nucleolar size would be reduced. The nucleolus becomes small and its structure changes as the cells enter into mitosis. Most striking change of the nucleolar structure is that the DFC and the GC clearly separate into two regions, a central core of the DFC and a peripheral zone of the GC. This phenomenon is well known as the nucleolar segregation (Bernhard 1971 , Simard et al. 1974 . The nucleolar segregation always accompanies vigorous fusion of the FCs, thereby forming large FCs (Yano and Sato 1999, Yamada and Sato 1996) . This phenomenon has been reported to be caused by an exposure to an RNA transcriptional inhibitor, actinomycin D (Sato 1988) , or hypoxic conditions (Yano and Sato 1999, Sato and Yamada 1996a) . These results suggest that the development of the FCs by fusion is involved in the reduction of rDNA transcription. This concept is also compatible with the present results. 
